The effect of Glomus lamellosum on root colonization, growth, essential oil production and composition and nutrient acquisition of Santolina chamaecyparissus, Salvia officinalis, Lavandula angustifolia, Geranium dissectum, and Origanum dictamnus was investigated. The results showed that mycorrhizal plants had significantly higher growth, essential oil production and nutrient contents compared to non-inoculated plants. The S. officinalis plants showed the highest percentage of colonization, while the S. chamaecyparissus the lowest. Similar percentage of colonization was found among the G. dissectum, L. angustifolia and O. dictamnus plants. Analysis of essential oil by GC and GC/MS showed that the effect of G. lamellosum on the main compounds in leaf essential oils was different on the plant species used.
Introduction
Medicinal herbs are known as sources of phytochemicals, or active compounds that are widely sought after worldwide for their natural properties. They are useful source of essential oil and have been used for a long time in the perfumery, cosmetic, food and pharmaceutical industry. Essential oils are volatile, lipophilic mixtures of secondary plant compounds, mostly consisting of monoterpenes, sesquiterpenes and phenylproponoids. The qualitative and quantitative improvement of essential oil production presents an area of high commercial interest (Copetta et al., 2006; Khaosaad et al., 2006) .
The arbuscular mycorrhizal symbiosis is recognized for its multiple positive effects on plant growth and for its important contribution towards the maintenance of soil quality. In spite of these benefits to agriculture, at present, the realization of the full potential of this symbiosis has not yet been reached. The understanding of interactions existing among crops, fungal partners and environmental conditions must improve to allow for the efficient management of the mycorrhizal symbiosis through selected agronomic practices and inoculation of cultivated crops (Hamel, 1996) . Arbuscular mycorrhizal fungi (AMF) are a ubiquitous group of soil fungi colonizing the roots of plants belonging to more than 90% of plant families (Brundett, 1991) . Enhanced plant growth due to AMF association is well documented (Bagyaraj, 1984) . In the past few decades, AMF have emerged as potential biofertilisers, a cheap, environmentally friendly alternative to expensive chemical fertilizers (Srivastava et al., 1996) . These fungi are known to improve the nutritional status of the host, particularly that of phosphorous, and thereby enhance their growth, development and yield (Bagyaraj and Varma, 1995) . Many other aspects of arbuscular mycorrhizal interactions including biocontrol toward plant pathogens, tolerance to water stress and adverse environmental conditions were studied, but little is known about their potential effect on the quantitative and qualitative profile of the secondary metabolites (e.g., essential oils) in medicinal and aromatic plants (Kapoor et al., 2002; Copetta et al., 2006; Morone-Fortunato & Avato, 2008) .
During the establishment of the arbuscular mycorrhizal symbiosis, a range of chemical and biological parameters is affected in plants, including the pattern of secondary compounds. However, little is known about the effect of AMF upon either plant secondary metabolic pathways or the production and yield of secondary compounds of their hosts (Copetta et al., 2006) . For instance, studies have demonstrated that AMF can influence phytohormone levels of (Hause et al., 2002) terpenoids and carotenoids (Fester et al., 2002) and phenols (Zhu and Yao, 2004) . In addition, the association with AMF has altered essential oil yield and quality of several plants (Kapoor et al., 2002) .
Though not host specific, earlier studies have indicated host preferences of mycorrhizal fungi (Miller et al., 1987) , thus suggesting the need for selecting efficient AMF for a particular host (Sailo and Bagyaraj, 2005) .
The objective of this paper is a comparative analysis of the effects induced by the arbuscular mycorrhizal fungus, G. lamellosum on plant growth, nutrient uptake and essential oil production and composition of Santolina chamaecyparissus, Salvia officinalis, L. angustifolia, Geranium dissectum, and O. dictamnus.
Materials and Methods

Isolates
A strain of G. lamellosum, isolated from oregano plant collected from Elatochori, Pieria, Greece, was used in this study. Identification was made by using the molecular method described by Karagiannidis et al. (2011) and retained on mother maize plants. Santolina chamaecyparissus, Salvia. officinalis, L. angustifolia, G. dissectum, and O. dictamnus were propagated by stem cuttings (originated from the mother plantations established in the experimental field of Alexander Technological Education Institute of Thessaloniki) rooted in autoclaved perlite in the greenhouse under a misting system. The rooted cuttings were transplanted in April in pots containing 1.5 kg of soil substrate mixed with fine cut pieces of highly colonized roots of maize plants with a pure G. lamellosum strain following the method described by Karagiannidis (1980) . For the mycorrhizal treatments, 10 cm 3 inoculum per pot (about 12g) was placed in the planting hole beneath the plants at transplanting. The inoculum consisted of colonized root fragments (roots were cut into 1cm pieces), hyphae and spores. Pots without inoculum were used as control. The soil used was a sandy loam with a pH 6.5; low salinity (0.82 mS conductivity), low organic matter (0.6%), low CaCO 3 (0.11%) with a Ca, Mg and P content at 152, 9.6, and 0.7 mg/kg respectively and it was autoclaved at 120 °C for 25 minutes. A fertilization treatment with 25. A total of 200 pots were used with the following combinations: 2 inoculation treatments (inoculated plants with G. lamellosum; non-inoculated control) replicated 4 times of 5 pots for each of the plant host species evaluated. Plants were grown in a random design for 2.5 months in the greenhouse.
Effect of Glomus lamellosum on five medical plants
Plants of
Shoots and roots were harvested separately to analyse nutrient and essential oil composition in the shoots and the establishment of the arbuscular mycorrhizal symbiosis in the roots. The shoots were air-dried for three days (10% moisture content) and nutrients were analysed after mineralization by calcination in a muffle furnace at 450°C for 8 hours, and extraction with HCl (35%). Na and K were determined using flame photometry. N was determined using the Kjeldahl method, P was determined using chromatography and Ca and Mg were determined volumetrically using the Versanate method. Concentration of trace elements was determined with atomic absorption spectrophotometry (Fe, Mn, Cu, Zn) and B with the azomethine. All methods are described in Jackson (1960) and Cottenie (1980) .
Roots were stained with trypan blue (Sylvia, 1994) and mycorrhizal colonization was estimated according to McGonigle et al. (1990) .
Leaves were separated from shoots, and the essential oils were obtained by hydrodistillation in 500 mL H 2 O in a Clevenger apparatus for 2 hours. The composition of the volatile constituents was established by GC and GC-MS analyses. GC analyses were performed on a Shimadzu GC-14A, with a FID (Flame Ionization Detector), using a DB5 column (30m x 0.25mm, film thickness: 0.25m), The temperature program was from 65 ο C for 10 min, to 160 ο C at a rate of 3 ο C/min for 5 min. Helium was used as a carrier gas at a flow rate of 0.6 ml/min.
GC-MS analyses were performed on a Shimadzu GC-2010-GCMS-QP2010 system operating in EI mode (70eV) equipped with a split/splitless injector (230C), a split ratio 1/30, using a fused silica HP-5 MS capillary column (30 m x 0.25 mm (i.d.), film thickness: 0.25 μm) and a polar column HP-Innowax. The analytical conditions were: for the HP-5MS column the temperature program was from 60C (5min) to 280C at a rate of 4C /min and for the HP-Innowax column the temperature program was from 60C (5min) to 260C at a rate of 3C /min.
Helium was used as a carrier gas at a flow rate of 0.8 ml/min. Injection volume of each sample was 1 μl. Retention indices for all compounds were determined using n-alkanes as standards. The identification of the components was based on comparison of their MS with those of NIST21 and NIST107 and those described by Adams (2001) . Quantitative determination was based on the total ion count detected by the GC-MS.
This experiment was repeated.
Statistical analysis
Statistical analysis of the data was carried out by using analysis of variance. Means were separated by using the Duncan's multiple range test at 0.05 significance level.
Results and Discussion
The results of mycorrhizal inoculation resulted in a significant increase in growth, nutrient contents and essential oil productions in all plant species used (Table 1) . Improved plant growth, nutrients uptake and essential oil production was evident because arbuscular mycorrhizal fungal inoculation has previously been reported in mychorrizal aromatic plants (Boby and Bagyaraj, 2003; Tharun et al., 2006; Geneva et al., 2010; Karagiannidis et al., 2010) . In this study, plant biomass (shoot + root) was enhanced by 33. Nowak (2004) found that mycorrhizal inoculation of geranium increased the growth of plants. Previous works showed that increased plant growth due to AMF inoculation is mainly through improved uptake of diffusion limited nutrients such as P (Lambert et al., 1979; Sailo and Bagyaraj, 2005) and those findings are in good agreement with the results of this study in which all the arbuscular mycorrhizal plants had significant higher nutrient contents in comparison to uninoculated treatment. The contents of N, P, Ca, Mg, B, Zn, Fe, Cu and Mn were significantly higher in all mycorrhizae applied plants compared to control ones, while the Santolina chamaecyparissus, Salvia. officinalis and O. dictamnus mycorrhizal plants had significant higher K and Na contents than uninoculated treatments ( Table 2) . The mycorrhizal and non-mycorrhizal G. dissectum plants had similar K and Na contents. The content of K was significantly higher in mycorrhizal plants of L. angustifolia, while the Na content was similar in both mycorrhizal and nonmycorrhizal plants. Such higher nutrient content in AMF inoculated plants is attributed to higher influx of nutrients into the plant system through AMF which explores the soil volume beyond depletion zone as previous works showed for P (Sanders and Tinker, 1971; Bayaraj and Varma, 1995) . According to Bagyaraj and Reddy (2000) the extramatrical hyphae produced by AMF act as extensions of roots and increase the surface area of the root system, making it more efficient for absorption of water and diffusion limited nutrients, this effect being more pronounced in P-deficient soils. Previous works have shown that AMF increase plant uptake of phosphate (Bolan, 1991), micronutrients (Burkert and Robson, 1994) , nitrogen (Barea et al., 1991) . Moreover, it has been demonstrated that plants inoculated with AMF utilize more soluble phosphate from rock phosphate than noninoculated plants (Antunes & Cardoso, 1991 et al., 2002) . Freitas et al. (2004) also observed that inoculation with AMF resulted in increments of 89% in the essential oil and menthol contents of mint.
Conclusions
Generally, Santolina chamaecyparissus, Salvia officinalis, L. angustifolia, dissectum G. dissectum, and O. dictamnus plants resulted in bigger plants with greater yield, had a higher essential oils production and nutrient elements when mycorrhizal, but mycorrhizal inoculation did not exert a significant effect on volatile composition. These results indicate the importance of the AM symbiosis, that should be managed to help in the reduction of fertiliser and other agrochemical inputs, thus enhancing the sustainability of the commercial cultivation of aromatic plants, even in low fertility, mountainous soils. 
